Abstract -Ptilothrix plumata is a solitary bee, oligolectic on Malvaceae. In this study we evaluate its oligoletic behavior through quantitative and qualitative analyses of larval provisioning in the National Park of Catimbau, Brazil. Quantitative pollen analysis showed that, to feed one larva, females collect pollen from an average of 17.2 flowers of Pavonia cancellata, 8.5 flowers of P. varians, 4.8 flowers of P. humifusa and 12.4 flowers of Sida galheirensis. Preference for pollen of Pavonia seems to be characteristic for the species and is even more accentuated when considering the volumes of the very large Pavonia pollen grains in the pollen mass: more than 90% of total pollen volume of larval food was from Pavonia species. Comparison to food preferences of P. plumata at other sites shows that the degree of specialization also depends on the composition of plant species at a given locality and a local seemingly monolectic relationship may result from missing opportunities for choice.
INTRODUCTION
Records of bees on their pollen and nectar flowers give first information about the association of bee species to plants in their environments, indicating, for example, which are oligolectic bees -taxonomic pollen specialists according to Robertson (1925) . Such information is provided, for example, in standardized yearlong bee -plant community studies. Recently, Cane and Sipes (2006) revised the terminology of pollen specialization in bees and defined several degrees of relationships of bee species to pollen hosts, from monolecty to Corresponding author: C. Schlindwein, schlindw@ufpe.br * Manuscript editor: Jean-Noël Tasei broad polylecty. They recommend the application of pollen analysis of scopal loads and cell provisions because this permits a numeric evaluation of the bee-plant relationship. However, they point out that pollen contents can get contaminated by wind pollen and pollen from nectar sources, and allow up to 10% contamination to consider pure loads of one genus or family.
Pollen analyses of provisions of brood cells provide the most comprehensive information on the plant hosts of a bee species. As a summation of the daily pollen foraging effort of a female bee, cell contents contain all pollen grains of numerous pollen collection trips of this female and contain what larvae actually eat. Qualitative pollen analysis of the brood cells facilitates the identification of Article published by EDP Sciences Evaluation of oligolecty in an emphorine bee 107 which plant species contributed with pollen resources and in what proportion. Knowing the amounts of pollen presented by a flower of this plant species, quantitative pollen analysis permits a calculation of the number of flower equivalents in pollen required to feed one bee larva (Schlindwein and Martins, 2000; Schlindwein et al., 2005; Müller et al., 2006; Larsson and Franzén, 2007) . For those cases where a forager removes only a portion of the available pollen from a flower, this represents a minimum number of floral equivalents of pollen to feed one offspring. However, only in a few cases have pollen contents of brood cells been identified and quantified for groundnesting solitary bees.
Ptilothrix plumata, one of the three Brazilian Ptilothrix species (Silveira et al., 2002) , belongs to Emphorini, a New World bee tribe that is composed of species which are all thought to be oligolectic (Schlindwein, 2004; Schlindwein and Martins, 2004; Minckley and Roulston, 2006; Cane and Sipes, 2006; Michener, 2007) . Preliminary information showed that P. plumata is oligolectic on Malvaceae (Schlindwein and Martins, 2000; Schlindwein, 2004) , as has been previously demonstrated for some species of several genera in Emphorini (Neff et al., 1982; Neff and Simpson 1992; Schlindwein, 1998; Sipes and Tepedino, 2005) .
On the coastal plain of João Pessoa (Paraíba state, northeastern Brazil), females of Ptilothrix plumata exclusively visit flowers of Pavonia cancellata (Malvaceae), and nest provisions contained only pollen of this species, pointing to monolecty (Schlindwein and Martins, 2000) . However, in the area surrounding the Paraíba site, Pavonia cancellata was the only abundant Malvaceae plant species.
At the National Park of Catimbau, Pernambuco, NE Brazil, where three species of Pavonia are abundant and grow among several other melittophilous species of Malvaceae in a diverse tropical dry forest, we re-evaluated the relationships of P. plumata to plants paying special attention to the amount of pollen grains stored in the brood cells. We investigated the degree of specialization of Ptilothrix plumata on Malvaceae in an environment where several species of Malvaceae occur; and the contribution of the different species of Malvaceae, to the cell contents of P. plumata.
MATERIALS AND METHODS

Study site
The study was carried out from August 
Nesting biology
The aggregation of Ptilothrix plumata occupied 48 m 2 with 328 nests with a density of 6.8 nests/m 2 ( Fig. 1a) on an unpaved road, in places with bare, hard, clayey soil. Nests in construction were identified individually with labels and recorded. The nesting period started at the end of the rainy season, beginning in August, and ended by the end of October. The nests showed a small entrance turret about 2 mm long with soil pellets removed during nest construction around the nest entrance (Fig. 1b) , as is common in Ptilothrix species (Linsley et al., 1956; Butler, 1967; Rust 1980; Martins et al., 1996; Schlindwein and Martins, 2004) . Nests were composed of a short vertical straight tube, 2.9 cm (± 1.2 cm; n = 20) long, ending in an urn-shaped brood cell, which was easily isolated from the substrate. Most nests (18) contained only one brood cell and two nests contained two cells in a row. Brood cells were on average 1.6 ± 0.14 cm long and 1.1 ± 0.06 cm broad. The spheroid pollen mass was compact, covering a long egg underneath. Completed nests were closed with a plug of mud, 0.7 cm long, and showed a slight depression in the soil. Loose soil material occupied the rest of the nesting tube up to the brood cell. Nest construction started between 12:00 h and 13:00 h with the females flying close to the soil surface alighting repeatedly at the future nesting site. To soften and work the hard substrate, they took up water with their mouth parts at a puddle nearby the aggregation, floating on the water surface for 5 s (± 1.0; n = 10). Tarsi and basitarsi of the three pairs of legs were submerged (Fig. 1c) . At the nesting site, the bees regurgitated the collected water ( Fig. 1d ) and worked the soil with mandibles and legs (Fig. 1e ). They first constructed the entrance turret and then placed the removed soil pellets around the entrance. Water collection trips were very rapid (17 s; n = 26). Nest construction, in general, finished at about 16:00 h and females stayed in the nesting tube until the next morning with head downwards, closing it with the metasoma.
Nest provisioning started at about 0815 h on the following day. Females made 22 to 24 pollen collection trips, which lasted on average 182 s (± 62.8; n = 24), to provision one brood cell. Pollen foraging finished between 10:00 h and 11:00 h. Then, they laid an egg and positioned it under the pollen mass. Females again collected water to close the brood cell and nest entrance with soil material, using first the material of the turret.
Pollen analysis
We made pollen reference slides from all species of Malvaceae and the most common other plant species in the surroundings of the nest aggregation. The quantity of pollen produced per flower of each Pavonia species was estimated by counting the total number of pollen grains in 10 randomly sampled anthers from 10 flowers. Pollen size of 300 grains was measured under the microscope at 400X magnification.
The pollen types in the brood cells were identified by comparison with the reference collection. In 13 brood cells from different nests, the relative frequency of the different pollen types was determined. The pollen content of a brood cell was transferred to an Eppendorf tube with alcohol (70%) and homogenized in an agitator (Vortex) for 5 minutes. Six small subsamples were removed to prepare pollen microscope slides according to the method of Louveaux et al. (1978) . At least 300 pollen grains were counted per sample.
In five brood cells with complete pollen masses where larvae had not started to consume any food, the total number of pollen grains per cell and pollen types were determined. The pollen mass of one brood cell was transferred to an Eppendorf tube with 1.5 mL volume of glycerined lactic acid. The sample was homogenized in an agitator for 5 minutes, and six sub-samples of 0.9 μL were transferred to a microscope slide for counting the total number of pollen grains of each type.
The volume of the pollen grains was determined using the formula of a sphere (V = 4πr 3 /3) (all Malvaceae grains were spherical). To calculate the volume of the non-identified pollen types, the medium diameter of these types were used. The number of pollen grains per plant species and per cell were related to the quantity of pollen produced by the flowers of each species to determine the number of flowers necessary to feed one larva.
RESULTS
Nest provisioning and larval diet
Ptilothrix plumata females were recorded visiting the flowers of the three species of Pavonia (as predominant flower visitors) and Sida galheirensis, but not those of Sida angustissima, Herissantia crispa and H. tiubae. The flowers of the Pavonia species opened between 07:00 h and 07:30 h and closed between 12:00 h and 13:00 h.
Among the species of Malvaceae, the pollen grains of Pavonia with a diameter of 140 to 180 μm were larger than those of the genera Sida and Herissantia (65.5-88.8 μm). Each Pavonia flower produced 2400-2700 pollen grains (Tab. I, Fig. 2 ).
Pollen analysis of 13 brood cells, each provisioned by a different individual, showed that females collected pollen from the following Malvaceae: Pavonia cancellata, P. humifusa, P. varians, Sida galheirensis, Sida sp., Herissantia crispa, and an unidentified species of Malvaceae. All nest provisions contained two to three species of Pavonia (Tab. II). In eight brood cells, Pavonia pollen accounted for 72 to 100% of the total grains (Tab. II, Fig. 1f) . Seven brood cells, however, contained pollen of Sida galheirensis, Sida sp. or Herissantia crispa, besides grains of Pavonia (Tab. II). Six pollen types were non-Malvaceae pollen grains (Asteraceae, Rubiaceae and unidentified tri-zono-colporate pollen).
The brood cells of Ptilothrix plumata contained, on average, about 61% pollen of Pavonia (P. cancellata 19%, P. varians 21.54%, P. humifusa 21%), 19% of Sida galheirensis, 4% of Herissantia crispa and 2.5% of Sida sp.
(Tab. II; Fig. 3 ). Pollen grains of other families accounted for, on average, about 6%.
Five brood cells were excavated soon after nest provisioning and still contained all pollen grains (brood cells 1 to 5 in Tab. II). Quantification of the pollen grains revealed that a female of P. plumata collected on average 178 667 +/-99 140 grains to feed one larva (Tab. III). Considering the number of pollen grains of a flower of Pavonia (Tab. I) and Sida galheirensis (5307 ± 620.5 grains per flower, Andrade & Schlindwein, unpubl. data), . The three species of Pavonia together accounted for 91% of the total volume of the pollen mass, but only 43% of the total number of pollen grains (Fig. 4 , Tab. III). The volume of non-Malvaceae pollen 
DISCUSSION
Pollen analysis of larval diet
Quantitative and qualitative pollen analysis of larval diet in Ptilothrix plumata showed that females feed their larvae almost exclusively with pollen of Malvaceae. The small number of pollen grains of other plant families is probably due to contamination, such as grains from nectar hosts, wind-pollinated flowers and laboratory manipulation, and fall within the acceptable levels of contamination suggested by Cane and Sipes (2006) . Quantitative analysis of five complete food provisions showed that the total pollen amount of about 40 to 50 flowers of Malvaceae with complete pollen content is necessary to feed one bee larva. More than half of the pollen grains come from three species of Pavonia. This corresponds to the results of Müller et al. (2006) , who showed that most solitary bees require the pollen equivalent of more than 30 flowers for one larva.
Many more flowers, however, are visited to gather this amount, because females, in general, collect only a part of the total pollen mass of a flower during a visit and often arrive at flowers that have been previously visited by other pollen collecting bees. When females of P. plumata collect pollen in flowers of Pavonia cancellata, this number has to be multiplied 5-20 times (Schlindwein and Martins, 2000) .
Our results show that generalization of food preferences of a bee species resulting from the larval diet at a single site has to be made with care. In particular, the options for alternative forage at a single site must be considered to avoid a false conclusion of oligolecty or monolecty. In a previous study on the pollination of and competition for floral resources of Pavonia cancellata at the coastal plain of Paraíba, all pollen provisions of P. plumata were homogeneously composed of pollen of this species (Schlindwein, 2000; Schlindwein and Martins, 2000) and this bee species appeared to be monolectic. At this study site with cerrado-like Tabuleiro vegetation, however, Pavonia cancellata was the only species of Malvaceae present. Table III In contrast, in the diversified environment of the Parque Nacional do Catimbau, where numerous species of Malvaceae are abundant, females of Ptilothrix plumata also diversify larval diet. Nevertheless, pollen of Pavonia spp. dominated in the food provisions. When considering the volume of the pollen grains, the very large Pavonia pollen contributed more than 90% of the pollen mass in completed brood cells. Also in the eight brood cells whose pollen amount was partially consumed by larvae, the proportions of pollen of Pavonia to pollen of other species of Malvaceae and to non-Malvaceae pollen grains were similar to that of the five complete brood cells. Considering the mean total amount of pollen of these five brood cells (178 000 pollen grains) and that for the eight brood cells with partial pollen amounts, the average amount of pollen in a brood cell would correspond to about 46 flowers of the three species of Pavonia (8.6 flowers of P. cancellata, 19.3 of P. varians and 18.4 of P. humifusa). In three brood cells, the contribution of non-Malvaceae pollen was above 10%. The small tri-zono-colporate grains, however, contributed to less than 3% of the volume of the respective pollen mass.
The composition of the pollen diet of all brood cells demonstrated that females of Ptilothrix plumata discriminate flowers of Malvaceae from all other families. Among Malvaceae, pollen of Herissantia crispa and Sida galheirensis, very common in the National Park, were less frequent in brood cells (present in 2 and 5 cells respectively) than P. cancellata and P. humifusa (both present in 12 cells), which were much less abundant than H. crispa and S. galheirensis. These pronounced differences might be the result of (a) individual foraging variation among females, (b) morphological adaptation to very large pollen size or (c) competition. All analyzed brood cells were from different females, and within the population, different individual preferences for pollen may exist. Therefore, it would be interesting to compare larval diets of females throughout their lifetime to check if these differences are manifested individually or within the general range of food preferences in the population.
Morphological adaptation
Very large pollen grains like those of the Pavonia species with a diameter of 150 μm and more are rare in angiosperms (Erdtman, 1952; Roubik and Moreno, 1991) . Females of Ptilothrix plumata have a scopa adapted to transport these large grains: pollen is transported on the inner (posterior) surface of the hind tibia between very long sparse scopal setae that insert along the tibial borders and leave a broad space between each other. Pollen in this species, thus, is transported at the opposite side of hind tibiae when compared to other Apidae where pollen adheres to the anterior surface. Females of most species are not able to collect or transport such large pollen grains, and also larvae might have difficulties in eating and digesting these grains. Polylectic honey bees, for instance, actively remove and discard very large pollen grains that adhere to their body surface like those of Opuntia (Cactaceae) (Schlindwein and Wittmann, 1997) and cotton (Gossypium, Malvaceae) (Martins et al., in press ). Curiously, in both cases flower visits of bees of oligolectic species of Ptilothrix are cited: P. fructifera in Opuntia (Schlindwein and Wittmann, 1997) , P. plumata in cotton (Martins et al., op. cit.) and an unnamed species of Ptilothrix in cotton (Michener, 2007) . Oligolectic bees with morphologically adapted scopae to collect pollen grains of similar size are also known for visitors of flowers of Ludwigia (Onagraceae) (Gimenes, 1991) .
Competition
In flowers of Pavonia cancellata, P. humifusa and P. varians, bees of Ptilothrix plumata were frequent visitors and only sporadic visits of a few other species were recorded. In the flowers of most other species of melittophilous Malvaceae growing in the Parque Nacional do Catimbau, bees of several species were common, including three other oligolectic species, Sarocolletes fulva (Colletidae, Paracolletinae), an undescribed Perditomorpha and an undescribed Diadasina (Emphorini). Females of these three species do not visit flowers of Pavonia. These bees might be strong competitors of P. plumata in flowers of Sida and Herissantia, whose pollen grains are relatively large when compared to other plant species, but have only about half the diameter of pollen of Pavonia.
In flowers of Pavonia cancellata, females of Ptilothrix plumata fill their scopae extraordinarily fast, and foraging trips last less than 3 min, which was interpreted as a result of harsh competition with the tiny flower closing beetle Pristimerus calcaratus (Curculionidae) at the Paraíba site (Schlindwein and Martins, 2000) . It is interesting that these beetles were also very common in flowers of all three species of Pavonia at the Catimbau site. However, they did not visit flowers of other melittophilous Malvaceae. This extends the tight association of both insect species also to the yellow flowered P. humifusa and P. varians.
Following Cane and Sipes (2006) , Ptilothrix plumata can be classified as a narrowly oligolectic species. Pollen analysis of brood cells proved to be an excellent tool to reveal larval diet and the trophic niche of an oligolectic species. The bees seem to include minor amounts of pollen of non-Pavonia Malvaceae into larval diet if these are common in the surroundings. Pollen analysis of brood cells is also a useful approach to evaluate the supporting capacity of the environment for a population of an oligolectic species by knowing the number of flowers necessary to rear one bee.
Unfortunately, there are no experimental studies with inexperienced females of oligolectic species that confirm innate preferences on specific pollen hosts. The repetitive selective of certain specific food plants by females of an oligolectic species, however, points to a genetically influenced characteristic of the bee species. Recently it was shown that specific substances in the floral odor of host plants seem to be chemical markers for oligolectic bees (Dötterl et al., 2005; Füssel et al., 2007) . This could be true also for the Pavonia -Ptilothrix -Pristimerus association.
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